Introduction
Metamaterials possessing various peculiar features have recently attracted an increasing amount of attention in the electromagnetics community. Their unexpected properties have opened up a number of different research directions that are geared towards the enhancement of the performance of microwave components, and overcoming current limitations. In this Chapter, the fundamental model properties of metamaterials and metamaterial based structures are demonstrated to study the renovated wave propagation.
Causality in the resonance behavior of metamaterials
Great of interest has been devoted to split ring resonator (SRR) which composes the essential part of left-handed materials [1] [2] [3] . Inherently bianisotropic, SRR metamaterials can be obtained by doping a host isotropic medium with two concentric rings separated by a gap, both having splits at opposite sides. As a result, besides the electric and magnetic coupling, the incident field also induces the magnetoelectric coupling [4, 5] . Therefore, this kind of artificial magnetic media needs a careful control of the SRR orientation relative to the incident wave as well as the SRR design. Otherwise, the electromagnetic response is significantly more complicated. Smith et al. explored the electromagnetic characterization of the symmetric and asymmetric SRR plane [6] . Vasundara et al. presented the effects of gap orientation on the properties of SRR metamaterials with measured scattering parameters [7] . Aydin et al. investigated the influence of periodicity, misalignment, and disorder on the magnetic resonance gap of SRRs [8] . Gay-Balmaz et al. studied experimentally and numerically the electromagnetic resonances in individual and coupled SRRs [9] . Katsarakis et al. discovered the electric coupling to the magnetic resonance of SRRs under certain orientation [10] . Correspondingly, several analysis modals are employed to unravel the resonance property in the SRR transmission spectra, such as the physical intuition initiated by Pendry et al. [11] , lumped element equivalent circuit model proposed by Martin et al.
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164 [12] , and improved by Aznar et al. [13] . Meanwhile, lots of numerical simulations as well as experimental verifications are carried out for the metamaterial design [14] [15] [16] . Especially, Simovski et al. clarified the physical meaning of local constitutive parameters of metamaterials [17] , and discussed Bloch material parameters of magneto-dielectric metamaterials [18] . A rigorous full wave analysis of bianisotropic SRR metamaterials is presented here for different electromagnetic field polarization and propagation directions. An alternative physical explanation is gained by revealing the fact that imaginary wave number leads to the SRR resonance. The field distribution over SRRs is then expanded into Floquet modes [19, 20] to examine the transmission properties through metamaterials under arbitrary incident waves. Evanescent Floquet modes are proved to engender the resonance behavior which accords with the full wave analysis.
Full wave analysis of the SRR metamterials
To account for the magnetoelectric coupling in Maxwell's equations, SRR metamaterials can be described by the constitutive relations [21] 
where 00 0 μ ε = Z , ε and μ are the relative electric permittivity and relative magnetic permeability tensors, κ is the magnetoelectric coupling dimensionless tensor. For other SRR orientations, the ε , μ and κ tensors just need a coordinates transformation. Fig. 2b , where incident E is perpendicular to the SRR plane, and magnetic field H is parallel to the gapbearing sides of SRR, one obtains
The normalized wave number satisfies 
which indicates that metamaterials with this SRR orientation has little influence to do with TEM waves of such electromagnetic field polarization and propagation direction. Meanwhile, there is no resonance stop band. Through the similar analysis, metamaterials with the six SRR orientations can be recategorized into three groups according to Maxwell's equations. The ones shown in Fig. 2a , 2b are one group, so do those in Fig. 2c , 2d, as well as those in Fig. 2e , 2f. The wave numbers for the other four cases are listed in Table 1 . The case in Fig. 2c has been studied in Ref. [10] , SRR orientation where the authors identified the SRR with its outer ring at low frequencies, and illustrated the simulated currents to explain the resonance phenomenon. Here we can see it more
clearly that ε yy becomes less than zero when frequency ω is larger than the resonance frequency 0 ω , leading to the imaginary wave number β , thus the resonance stop band is achieved. Also Fig. 2e case has the chance to become resonance when 0 μ < xx , and there is no resonance stop band for the Fig. 2d and Fig. 2f case. From the analysis above we can easily conclude that imaginary wave number actually leads to the SRR resonance. Such result has been noted by Simovski et al. in their previous work when studied the metamaterial parameters [17, 18] . Here we provide an alternative means of characterizing the resonance of SRR metamaterials.
Floquet modes analysis of the SRR metamterials
Consider an electromagnetic wave to be incident on the SRR metamaterial plane with each element distributed periodically along x and ŷ direction as shown in Fig. 3 . The electromagnetic fields near the SRR elements must satisfy the periodicity requirements imposed by Floquet's theorem. Thus the scattered and the transmitted fields can be expanded as [20] 
It is known that a homogenous electromagnetic wave can always be decomposed into a combination of two plane waves with E-field perpendicular or parallel to the incident plane corresponding to the TE-and TM-Floquet modes. Therefore, the effects of any incident wave of either polarization at arbitrary angle (,) θ φ will be easily examined for the SRR resonance behavior.
The modal propagation constant γ pq is positive real for the propagating modes and is negative imaginary for the evanescent modes. Since the resonance of SRR metamaterials is often manifested by a dip in the transmitted curves, let's see the S parameters for the SRR metamaterial plane. Fig. 4 shows the resonance behavior for a plane wave incident in the XoZ plane ( 0 φ = ). With E field perpendicular to the incident plane, the resonance only happens in the TE-Floquet modes.
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The resonant frequency 8.2 GHz hardly changes, while the resonance intensity is sensitive to the incident angle. One knows that an H component perpendicular to the SRR plane will induce a circular current flow inside the SRRs, which in turn produces just above the resonance frequency a large magnetic dipole moment antiparallel to cosθ ⊥ = HH , leading to a negative μ . As the SRR orientation shown in Fig. 2a , the E-field parallel to the gap bearing also introduces the electric resonance, thus the SRR resonance behavior becomes more complicated as the variation of incident angle. As shown in , the resonance is much weaker. In addition, the bandwidth increases a little as the incidence angle increases. The phases of 11 S and 21 S for the SRR metamaterials are given in Fig. 4b . When 0 θ = , one finds that the phase of 11 S goes to zero and 21 S has an extremely sharp change at the resonance point, which makes the metamaterials can be characterized as a magnetic conductor in this region. However, this does not hold true for the most significant resonance intensity when 40
, since it is not merely engendered by H component. Table 2 demonstrates the transmission factor for TE-and TM-Floquet modes at the resonance frequency 8.2 GHz . As is shown, T turns smaller when the resonance intensity becomes more significant. And it is the fact that T turns smaller because the evanescent modes play more important role, therefore one can conclude that metamaterial resonance is engendered by the evanescent Floquet modes. 
Propagation features of waveguides structures with SRR metamaterials
Waveguiding structures based on metamaterial media have recently been considered by several research groups showing how the presence of one or both negative constitutive parameters may give rise to unexpected and interesting propagation properties [22] - [29] . The absence of fundamental mode and sign-varying energy flux in the negative refractive index waveguide are revealed [25] . Rectangular waveguide filled with anisotropic single negative metamaterials are shown to support backward-wave propagation [26] . Moreover, Results for isotropic double negative metamaterial H waveguides are reported, including backward propagation, mode bifurcation and coupling effects [27] . The use of single negative metamaterials as the embedding medium for nonradiative dielectric (NRD) waveguides is examined [28] . Unimodal surface wave propagation in metamaterial NRD waveguides is obtained [29] . However, the presented literatures almost focus on the negative effects of both permittivity and permeability to the metamaterial based waveguides, whereas magnetoelectric coupling of the bianisotropic effects may lead to more dramatically unexpected features in the waveguiding structures. With the consideration above, metamaterial loaded waveguiding structures are investigated to explore the different dispersion properties of guided waves. It is shown that transverse magnetic and transverse electric waves with non-cutoff frequency and enhanced bandwidth become into existence under certain circumstances in metamaterial parallel plate waveguide and rectangular waveguide. When doping uniaxial bianisotropic SRR metamaterials into NRD waveguides and H waveguides, both longitudinal-section magnetic (LSM) and longitudinal-section electric (LSE) waves are capable of propagating very slowly due to metamaterial bianisotropic effects. Particularly, some abnormal higher-order LSM and LSE modes with negative slope of the phase constant versus frequency may appear when metamaterials are double negative. Such modes will eventually lead to the leakage. Fortunately, for other modes, leakage can be reduced due to the magnetoelectric coupling. Particularly, when the metamaterials are of single negative parameters, leakage elimination can be achieved.
Parallel plate waveguides and rectangular waveguides
Geometry of parallel plate waveguide and rectangular waveguides filled with SRR metamaterials are shown in Fig. 7 . The strip width W in Fig. 7 (a) is assumed to be much greater than the separation l between the two plates, so that fringing fields and any xvariation can be ignored. And it is standard convention to have the longest side of the rectangular waveguide along the x -axis, so that > uv in Fig. 7(b) . 
) is the cutoff wave number constrained to discrete values.
Fig. 8. Metamaterial waveguide with different SRR orientations
Observe that for 0 = n , the TM 0 mode is actually identical to the TEM mode shown in Fig.  2(a) , therefore, this TM 0 mode has a cutoff phenomenon while SRR resonance. However, from (16) 
Akin to the modes in the parallel plate waveguide, none-cutoff frequency modes also exist under certain condition.
Enhanced bandwidth of single mode operation
For the parallel plate waveguides, the TE modes in Fig. 8(a) , characterized by 0 = z E and a nonzero z h field which satisfies the reduced wave Eq. (14b), with ' 0 ∂ = x . Through the similar derivation, one can obtain
The TM modes in Fig. 8(b) , and TE modes in Fig. 8(c 
Nonradiative dielectric waveguides and H waveguides
Consider the particular case of SRR metamaterials where two sets of SRR microstructures with different orientations are included in NRD waveguides and H waveguides as shown in Fig. 10 .
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The Nature of Electromagnetic Waves in Metamaterials and Metamaterial-inspired Configurations 175 Fig. 10 . Configuration of NRD waveguide and H waveguide with SRR metamaterials Fig. 11 . Spatial orientation of SRRs in the host isotropic medium
The relative orientation of these two ensembles is in Fig. 11 and the ε , μ and κ tensors in 
Enforcing the continuity conditions at both '' = ± xq , the modal equation for the LSM modes can be finally derived
the order of eigensolution of Eq. (29) gives the m index ( 0,1,2, = m ) appearing in LSM mn.
From the similar derivation, the LSE modes can be defined as
and the normalized transverse wavenumber in the slab should be given by
instead of Eq. (26a). Hereafter, we only consider the LSM modes, and the following results hold true for the LSE modes. Figure 12 30 GHz, 31 GHz , the longitudinal wave number of LSM 01 mode in NRD waveguide with SRR metamaterials is always larger than that of the conventional one, thus traveling more slowly, which indicates that NRD waveguide with SRR metamaterials allows more number of wavelength to propagate within the same length, providing feasibility of miniaturization for NRD waveguide. . What is meant by this is that the increasing β z will enhance the power flow. From the above analysis, we can discern that metamaterial waveguide with double negative parameters has the chance to achieve infinite large β z around the metamaterial resonance frequency. Therefore, inserting metamaterials will strengthen the power flow of the conventional NRD waveguide. It is worth noting that such strengthen trend of power flow is based on the variation of β z , and the total energy will still be conserved since the electromagnetic wave
Slow wave propagation
propagates much more slowly.
In the above results, 0 0.5λ < s is assumed throughout which means that the proposed waveguiding structure functions as NRD waveguide. When s increases to 0 0.5λ > s , the waveguiding structure in Fig. 10 becomes H waveguide, and the results such as slow wave propagation and enhanced energy flow shown in Fig. 12-14 still work.
Abnormal guidance and leakage suppression
Usually, all the NRD waveguide and H waveguide components preserve the vertical symmetry so that a general 1 = n dependence may be assumed. Therefore, if the modes can leak power, they must do so in the form of TM 1 or TE 1 mode in the air-filled parallel plate region. Consequently, the condition for leakage can be written as β < Fig. 16(a) , β z presents an increase when f becomes lager, but experience a decrease as κ turn larger at the same frequency while 2 ε and 2 μ are positive. Therefore, smaller magnetoelectric coupling κ will reduce the leakage of the propagating modes. To examine further, from Eq. (21) one knows that positive 2 ε and 2 μ as well as minimum κ can exit together in the frequency bands that are far larger than the SRR resonance frequency 0 ω , in which the proposed waveguiding structure may exactly works as a H waveguide, thus such reduced leakage scheme can be fulfilled. On the contrary, Fig. 16(b) shows that under the same frequency, β z increases when κ becomes more significant in the case that 2 ε and 2 μ are both negative. From Eq. 
Metamaterial based multiband frequency selective surfaces
Frequency selective surface (FSS) is a kind of periodically arranged 2D array structure, working like special resonances composed of one or more layers of planar screens and designed to reflect or transmit incident plane waves over specified ranges of frequency. With such unique resonance property, SRR metamaterials are propitious to make frequency selective surfaces (FSSs). Sun et al. [31] investigated a new type of band-pass FSS with metamaterial structures. Baena et al. [32] proposed an isotopic FSS structure based on cubic arrangements of SRR unit, realizing the transmission properties were angle and polarization independent. Marqués et al. [33] illustrated two FSS structures with conventional as well as complementary SRRs and presented ab initio analysis theory. Typically, the characteristics of an FSS are mainly determined by the shape, size and distribution of the resonant cell. Due to the coupling between the unit cells, the conventional closed element FSSs are often single-band which displays only one dip in the reflection and transmission spectrums. Dual band FSSs, as a breakthrough to the conventional single-band ones, have already realized by fractal elements [34] . And multi-layer structures or complex resonator units are often employed in order to achieve multi-band band-pass or band-stop characteristics of FSS [35, 36] . The salient properties of SRR metamaterials have made, and continue to make it possible to fabricate FSSs with enhanced properties that can be rarely obtained by conventional resonance units. Here we demonstrated the multiband FSSs which have several dips in the reflection and transmission spectrums by introducing SRR into the design procedure. Choosing the FSS structure as shown in points of the FSS with SRR are engendered by the inner split ring and outer split ring respectively. And the inner split ring determines one point, while the outer split ring determines two. The slight shifts between the resonant frequencies are due to the coupling between the two split rings. Similar results have been illustrated by Kafesaki et al. [37] when studied the transmission properties of left-handed materials, here we provide an alternative numerical techniques by introduce Floquet modes into the analysis of metamaterial based FSSs. Fig. 21 illustrates the influences of SRR parameter on the resonance properties of the FSSs. By making other parameters stay the same, it can be seen that the increase of gap size g, ring width w, ring separation s, and unit period p will lead to the increase of the resonance frequency of the FSS. In contrast, the increase of outer split ring radius r, and dielectric constant ε r will result in the decrease of the resonance frequency. Fig. 21 . We can concluded that both TE-and TM-Floquet modes will share FSS resonance when either polarized wave incident in the none-dominant plane, however, the transmitted modes with the same polarization as the incident wave are much more sensitive to the incident angle. 
Conclusion
The nature of electromagnetic waves in metamaterials and metamaterial-inspired configurations has been studied in this chapter [38] [39] [40] [41] [42] . First, causality in the resonance behavior of metamaterials has been developed. Both a rigorous full wave analysis and Floquet mode theory have been employed to examine the various electromagnetic fields effects on metamaterials. Second, propagation features of metamaterial waveguiding structures have been intensively explored. It is shown that different dispersion properties, such as non-cutoff frequency mode propagation and enhanced bandwidth of single mode operation, have been impart to metamaterial based parallel plate waveguide and rectangular waveguide. Meanwhile, slow wave propagation, enhanced energy flow, abnormal higher-order modes, as well as leakage suppression of LSM and LSE modes are illustrated in the NRD waveguide and H waveguide with bianisotropic SRR metamsterials. Finally, multiband transmission property of FSSs with SRR unit cells is illustrated. As is shown, such multi-band spectrum is closely related to the SRR parameters as well as incident wave. It is worth noting that the electromagnetic responses of SRR metamaterials are in fact much more complicated for practical use. Therefore, restrictive conditions, such as the absence of losses, certain direction of the incident wave, are assumed throughout the full wave analysis. However, we here consider the macroscopical effects of material parameters of the media, providing alternative means of characterizing the SRR metamaterials and its inspired waveguding structures. In addition, the SRR element spacing of the metamaterials are usually small compared to the resonance wavelength, and only the modes of 0 = p and 0 = q can propagate in the distant transmitted fields. Therefore, resonance behavior of SRR metamaterials and their transmission properties have been examined only through the dominant TE-and TM-Floquet modes in the Floquet mode analysis.
Acknowledgement
This work was supported in part by National Natural Science Foundation of China (Grant No. 60771040) and in part by State Key Laboratory Foundation (Grant No. 9140C0704060804). The work of Dr. Rui Yang was supported by Newton International Fellowship.
Wave Propagation in Materials for Modern Applications
Edited by Andrey Petrin ISBN 978-953-7619-65-7
Hard cover, 526 pages
Publisher InTech
Published online 01, January, 2010
Published in print edition January, 2010
InTech Europe InTech China
In the recent decades, there has been a growing interest in micro-and nanotechnology. The advances in nanotechnology give rise to new applications and new types of materials with unique electromagnetic and mechanical properties. This book is devoted to the modern methods in electrodynamics and acoustics, which have been developed to describe wave propagation in these modern materials and nanodevices. The book consists of original works of leading scientists in the field of wave propagation who produced new theoretical and experimental methods in the research field and obtained new and important results. The first part of the book consists of chapters with general mathematical methods and approaches to the problem of wave propagation. A special attention is attracted to the advanced numerical methods fruitfully applied in the field of wave propagation. The second part of the book is devoted to the problems of wave propagation in newly developed metamaterials, micro-and nanostructures and porous media. In this part the interested reader will find important and fundamental results on electromagnetic wave propagation in media with negative refraction index and electromagnetic imaging in devices based on the materials. The third part of the book is devoted to the problems of wave propagation in elastic and piezoelectric media. In the fourth part, the works on the problems of wave propagation in plasma are collected. The fifth, sixth and seventh parts are devoted to the problems of wave propagation in media with chemical reactions, in nonlinear and disperse media, respectively.
And finally, in the eighth part of the book some experimental methods in wave propagations are considered. It is necessary to emphasize that this book is not a textbook. It is important that the results combined in it are taken "from the desks of researchers". Therefore, I am sure that in this book the interested and actively working readers (scientists, engineers and students) will find many interesting results and new ideas.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following: 
